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Airborne EO sensors possess several desirable properties for finding surface-laid anti-
vehicle mines. They are capable of stand-off operation and can quickly surveyv a large
area. This work focuses on signature modeling and detection algorithms, two topics
that are useful in realizing a real-time minefield detector using EO imagery.
Signature modeling helps to provide insight for sensor deployment. The model
addresses relevant issues in sources, targets, and sensors. Natural sources such as
thermal emission, solar radiation, and solar scattering were considered and incorpo-
rated using empirical models. A BRDF model that defines scattering and emission
from rough surfaces was developed that integrates geometric relations with intrinsic
surface properties. Stokes’ vectors are used throughout this work to describe incident

and scattered radiances, which permits a polarimetric study of the signatures. The



simulated signatures are compared with several measured data sets from different
scenarios and exhibit strong quantitative agreement.

Mine detection algorithms are a critical system component. The existing bascline
“RX" algorithm makes little use of signature information. An alternative to the RX
algorithm is constructed using an estimator-correlator formulation and uses spatial
target information to enhance the clutter rejection rate. A filter-bank configuration
was proposed to fuse results from multiple references to boost the mine detection
rate. A locally adaptive implementation was developed to obtain a reliable detection
in inhomogeneous backgrounds. The proposed detectors were used to process a large
measured data set. Substantial gains were observed for the techniques proposed here.
The advancements described throughout this work will serve to improve real-time

mine detection.
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ABSTRACT

Airborne EO sensors possess several desirable properties for finding surface-laid
anti-vehicle mines. They are capable of stand-off operation and can quickly survey a
large area. This work focuses on signature modeling and detection algorithms. two
topics that are useful in realizing a real-time minefield detector using EQO imagery.

Signature modeling helps to provide insight for sensor deployment. The model
addresses relevant issues in sources, targets, and sensors. Natural sources such as
thermal emission, solar radiation, and solar scattering were considered and incorpo-
rated using empirical models. A BRDF model that defines scattering and cmission
from rough surfaces was developed that integrates geometric relations with intrinsic
surface properties. Stokes” vectors are used throughout this work to describe incident.
and scattered radiances. which permits a polarimetric study of the signaturcs. The
simulated signatures are compared with several measured data sets from different
scenarios and exhibit strong quantitative agreement.

Mine detection algorithms are a critical system component. The existing baseline
“RX” algorithm makes little use of signature information. An alternative to the RN
algorithm is constructed using an estimator-correlator formulation and uses spatial
target information to enhance the clutter rejection rate. A filter-hank configuration
was proposed to fuse results from multiple references to boost the mine detection
rate. A locally adaptive implementation was developed to obtain a reliable detection
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in inhomogeneous backgrounds. The proposed detectors were used to process a large
measured data set. Substantial gains were observed for the techniques proposed here.
The advancements described throughout this work will serve to improve real-time

mine detection.
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CHAPTER 1

INTRODUCTION

Land mines are among the most dangerous forms of unexploded ordnance. With
tens of millions of landmines deployed in more than 70 countries, mine detection is of
critical importance in both humanitarian and military operations. In spite of more
than 40 vears of research [1], reliable mine detection remains an elusive goal.

In standard military operations, mines are deploved in minefields with the inteat
of reducing the mobility of ground forces. During wartime, finding minefields in a
timely fashion is critical to the safety and success of ground forces. EO sensors are
attractive for demining, because those sensors are capable of stand-off operation and
airborne sensors can rapidly survey a wide area. On the other hand, mine signa-
ture are ecasily lost in clutter (especially for buried mines), and the sensor resolution
varies with changes in aircraft altitude. The above advantages and limitations have
largely restricted the use of airborne EO demining sensors to detection of surface-laid
anti-vehicle (large) mines. Specialized EO sensors, including polarimetric sensors and
multi-spectral sensors, are available and have been investigated, but are still imma-
ture.

In this dissertation, basic studies are presented that address the performance of

minefield detectors. Two topics were explored: radiometric signature models and



mine detection algorithms. A physics-based radiometric model was developed, and
comparison of its simulations with measured EO imagery shows reasonable agreement.
A minefield detection svstem requires a reliable mine detection algorithm. A novel

algorithm was devised for this purpose and compared to a baseline algorithui.

1.1 Motivation

Work on EO signature modeling was motivated by the fact that, in general, the
performance of a detection algorithm can be improved by exploiting knowledge about
the signature of the intended target. For land mine detection, this requires a priori
knowledge of the mine signatures at the time of data collection.

Mine signatures are challenging to predict. It has long been observed that such
signatures are highly variable, depending strongly on sensor characteristics and cur-
rent and past environmental condition. Time-of-day, day-of-year, sensor bandwidth,
image resolution and viewing geometry are a few of the many parawmeters that affect
EO mine signatures. Predicting signatures as a function of these parameters requires
a sophisticated model that addresses both the thermal and radiometric aspects of the
processes involved.

Given knowledge of a mine’s signature, a detection algorithm capable of exploit-
ing the signature information is required. Because of the aforementioned signature
variability, the algorithms currently used to detect land mines exploit only the most
basic signature information (e.g., size and shape) by assuming, for example, a round
target of uniform contrast. More detailed signatures provided by the above-described

model could be integrated into a detection algorithm to improve its performance.



1.2 EO Mine Detection Sensors

A number of systems have been developed to process EO imagery for mine de-
tection. Early work on multi-spectral detectors was reported by VWitherspoon aund
Holloway [2] who fused six channels of imagery collected by a 400-900 nm camera
with a spinning filter wheel. That sensor was later used on an airborne platform
under the Coastal Battlefield Reconnaissance and Analysis (COBRA) program [3, <.
The REMIDS sensor [5] combined a passive thermal IR channel with two co-registered
linearly polarized near-IR sensor of laser reflectance. That combined passive/active
sensor concept later becomes part of the ASTAMIDS system [6].

There has also been extensive work in hyper-spectral imaging for demining. McFee

et al. developed a compact airborne spectrographic imager (casi) [7, 8. 9. 10|, which
emplovs up to 288 spectral bands over the 400-1000 nm range. An extensive experi-
mental studyv of hyper-spectral phenomenology has recently heen presented by Smith
et al. [11].

EO mine signature modeling has been attempted from a physics-based prospect.
A thermal model using FEM approach was developed by Sendur [12] for prediction
of temperature contrast among buried mines and surrounding soil. Cremer et al. [13]
adapted this model to estimate polarimetric signatures in the NWIR band for surface-

laid mines. Primary features of the temperature distribution due to insolation were

found in fair agreement with measurements.



1.3 Objectives

This work has two major objectives. First, a physically based mine signature
model will be developed with the capability of treating diverse sensors and environ-
mental conditions. To ensure that the model is useful in practice, it is validated
using measured signatures. As noted above, mine signatures are influenced by a large
number of factors, and the model must address many issues including the phvsics
of natural radiation sources (e.g., direct and scattered sunlight), sensor parameters
(bandwidth, resolution, and noise level), the imaging geometry, and scattering and
emission by rough random surfaces. Accurate modeling of scattering and cmission as
functions of source and observer directions is particularly important to the success of
the model. A model for a bi-directional reflectance distribution function (BRDF) of
rough surfaces is described that is based on physical optics (PO) and geometrical op-
tics (GO) approximations to classical random rough surface scattering formulations.

The second major objective of this dissertation is to develop a mine detection
algorithin that can exploit predicted signature information. The so-called “RX™ al-
gorithm of Reed and Yu [14, 15], which is based on a generalized likelihood ratio
test (GLRT), is currently employed by the US Army and will be used as a bascline
algorithm. RN makes relatively little use of mine signature information. It assumes
a deterministic circular signature of known size and unknown amplitude, and it as-
sumes spatially uncorrelated clutter. As an alternative, an estimator-correlator (EC)
approach is described. For the case of additive Gaussian noise, the IC algorithm
degenerates to a Wiener filter, which is capable of exploiting more detailed signature

and clutter information.



1.4 Organization

The organization and content of the dissertation are as follows:

Chapter 2 reviews physical issues that affect EO mine signature modeling. We
first review critical radiation sources and transmission paths used in mine detection.
Physical properties and modeling methods for random rough surfaces are described
along with a literature review of existing rough surface scattering models. The relation
of emissivity and BRDF is discussed. Three data sets used to validate and illustrate
the models are also described.

Chapter 3 presents the mine signature model. The problem geometry is defined.
The thermal model used to predict surface temperature profiles is described. The
MODTRAN code, developed by US Air Force, to compute spectral source radiance
from direct and scattered solar radiation, is discussed. The BRDF model used for
scattering and emission from rough surfaces is developed from classical BRDF models
based on physical and geometrical optics. The derivation and validation of the BRDF
model are provided in Section 3.3. Integration of the BRDFE model. the FEM thermal
model and MODTRAN are documented in Section 3.4. Section 3.5 contains studies of
an ideal sensor’s signatures. The significance of radiometric components and effects of
the sensor’s angle, orientation and passband are discussed. The effect of finite sensor
resolution, which is necessary for a comparison with measured data, is discussed in
Section 3.6.

In Chapter 4 simulated results are compared with measured signatures from three
different data sets. Temporal MWIR signature variations over a diurnal cycle are
studied, and polarimetric MWIR responses are investigated. In both cases, the model

exhibits qualitative agreement with major features observed in the measured images.



Mine signatures were also simulated in the visible band to identifv major radiometric
contributions, and qualitative agreement was also noted.

Chapter 5 reviews prior work on mine detection algorithms and describes the de-
velopment of an estimator-correlator mine detection algorithm. The baseline RX algo-
rithm is discussed along with some beneficial modifications. The estimator-correlator
(EC) approach is described in Sections 5.5 and 5.6. A locally adaptive EC detector
was developed to cope with spatially varying clutter environments. Processing results
from experimental data are used to demonstrate the effectiveness of the proposed al-
gorithms.

Conclusions, presented in Chapter 6, summarize the work and highlight its main

contributions. Suggestions for future work are also presented.



CHAPTER 2

ISSUES AFFECTING EO MINE SIGNATURE
MODELING

In this chapter we review some physical issues relevant to EO mine signature
modeling. We begin by defining the scattering geometry in Section 2.1. Radiation
sources and transmission paths involved in EO mine sensing are described in Section
2.2. Critical surface properties and models for random rough surfaces, which are
commonly assumed for landmines and natural clutter, are discussed in Section 2.3.
A critical target property, the bidirectional reflectance distribution function (BRDF)
is discussed in Sections 2.4. A review of previous attempts to derive analytical and
numerical BRDFE models for random rough surfaces appear in Section 2.5. Another
key property, the emissivity, 1s discussed in Section 2.6. The data sets used in this
dissertation are presented in Section 2.7. A review of basic radiometric concepts and

their application to mine detection can be found in Appendix A.

2.1 Definitions

[n electromagnetic scattering problems it is conventional to refer polarization di-
rections to the so-called “plane of incidence” defined by the surface normal and the

wave vector of the incident wave. Polarimetric components in this plane are referred



to as “vertically” polarized, and orthogonally polarized components are referred to

polarized. For a unit wave vector k,, where ; = 7.5 denoted to

¥

as “horizontally’

incident and scattered directions, its associated horizontal and vertical vectors are

i f i

By = o (2.1)
ijl’l|

¥, = hyxk, (2.2)

in which n is the surface normal.

The Stokes vector [16] uses four real quantities to accomplish the same purpose.
The vector components are the intensity I, the degree of polarization ), the plane ol
polarization U, and the ellipticity V' [17]. The complex electric ficld components, ¢,
and e, in the horizontal and vertical directions respectively, are related to the Stokes

vector components as follows:

1 < gper + BaEy >

1= | @2 1| <ereh—eve;> (2.3)
U 210 2he € e, = '
V 20 £ el >

All of the Stokes vector components have the units of radiance (i.e., W/m?sr), and
the quantity I is the total scattered radiance (also sometimes referred to as “specific
intensity” [18]). An EO sensor records irradiance (W/m?) received on its image planc,
but in this work we will evaluate radiometric signatures in terms of radiance because
for a small patch at the image plane (a pixel), the measured irradiance is proportional
to the incident radiance on the lens and is subject to changes in optical parameters
of the sensor [19] (f-number f, and lens diameter d). Comparisons of signatures
in radiance are invariant to sensor parameters and focus on physical propertics of

radiative transfer.



While the parameters I and () are evident, the meanings of the quantities U and
1" are less apparent. Egan [20] explains that U expresses the excess of radiation
polarized in the 4+45° direction over that in the —45° direction relative to the plane
of incidence, and V" indicates the amount of circularly polarized radiation.

In many of the calculations that follow it will also be convenient to use a modificd

Stokes vector [21]

g £ EpE] B
; 1 0 €
I e -[U i ot < €l)€/u >‘ (21)
U 27]0 2Re < epe >
i g 2Im < ejper =

in which the classical I and @) components have been replaced by the radiance in the h

and v polarizations respectively.! The classical Stokes vector is readily reconstructed

o

2.2 Radiation Sources and Paths

from

[h + 1,
[h - Iu

Passive EO images of landmines and clutter include radiometric contributions
that propagate to the sensor via different paths. This section provides information
on several common sources and their transmission paths.

The radiance received by an EO sensor includes both thermal emission and re-
flected illumination. In the first half of this section, we study the properties of thermal
emitters and the sun. Their polarization properties are also addressed.

The received radiance may propagate directly from the source to the detector or it
may propagate along a complicated path with scattering at multiple locations. One
can categorize the radiation paths as direct emission, single scattered or multiply

'Note the ordering of the horizontal and vertical components. Some authors (e.g.. [18]) use the
opposite convention.



scattered. In this analysis we will neglect the paths with more than two reflections,
since many objects in the environment tend to partially absorb the incident radiance.
Later in this section we describe viewing geometries in which direct emission, single

scattering, and multiple scattering are important.

2.2.1 Thermal Radiation

For passive infrared sensors, thermal emission from the target is the radiometric
component of primary interest. The amount and spectral dependence of thermal
emission are defined by the temperature of the target. Because solar radiation las
little energy at wavelengths longer than 3 pm, MWIR and LWIR sensors respond to
the solar illumination only to the extent that the target absorbs energyv and converts
it to thermal radiation.-

Thermal emission derives from blackbody radiation. As mentioned in Section
A4, a blackbody absorbs all incident radiation regardless of wavelength and incident
direction. During emission, a blackbody behaves like a perfect diffuse emitter with
a spectrum specified by its temperature and the Planck distribution. For any real
surface, the incident radiation is partially absorbed and partially reflected. In addition
the amount of emitted energy is always less than the incoming energy. Such a surface
is often referred as a graybody. The directional dependence of thermal emission for
a graybody is not necessarily diffuse, but is a function of several surface properties.

Thermal emission from graybodies is related to blackbody radiation via the emis-
sivity £. The emissivity is defined as the ratio of the actual emitted radiance L to
the radiance Lpp emitted by a blackbody at the same temperature. In general, emis-

sivity £ depends on the wavelength A, temperature 7" and viewing geometry (6, ¢).

10



We write
Ls(A,0,0.T)

E(NG,6,T) = T

(2.6)

The value of emissivity lies between zero and one. Other representations for emissivity
that involve spectral or spatial averages are commonly used. In this work the sen-
sors integrate over a relatively broad passband, and we will use the total directional
emissivity, in which the spectral variation has been averaged out. In addition, it will
be assumed that the emissivity is independent of the temperature and the surface is

isotropic (no dependence on ¢ in emission), leading to

_ JLa(A,0,T)dA
[ Lpp(A\,T)dA

£(6)

in which the integral extends over the sensor passband.

Some materials and viewing geometries [20] produce polarized thermal emissions.
For smooth surfaces the polarization can be explained by Fresnel’s equations. Re-
ferring to the parallel and perpendicular scattering planes, which are defined by the
surface normal and the incident wave direction, the parallel and perpendicular emis-

sivity components are given by

B 2sinf cos ¢ 2
& = [sin(l‘) + @) cos(¢ — 9)] (2.8)
~ |2sinfcos ¢ - (
= = [Sin(f) + ¢) } (2.9)

where # 1s the emission angle and ¢ is the angle of refraction in the medium given by
Snell’s law

sinf) = msin ¢ (2.10)

sl



in which m is the complex refractive index. The difference in the two polarization
planes increases as the emission angle diverges from the surface normal. For unpo-

larized sensors, the effective emissivity is the mean of the two polarizations.

1
2
For rough surfaces, the analysis is significantly more complex, and it appears in

Chapter 3.

2.2.2 Solar Radiation

Solar radiation is the dominant source for visible sensors, and it stronglv influences
IR sensors via surface heating. In this section we discuss the propertics of dircct solar
radiation (sunlight). Solar radiation that is scattered by the atmosphere (skyvlight) is
described in the next section.

Outside the earth’s atmosphere, the spectrum of solar radiation can be approx-
imated by a blackbody radiator at 5785K. The incident flux is approximately 1390
W/m? [22]. The insolation at the earth’s surface is affected by the celestial rela-
tion of the sun and the earth, which determines the slant path and the atmospheric
composition, which regulate absorption and scattering. The actual insolation may
change significantly due to various meteorological conditions. On a cloudless dav for
a near vertical sun, about 80 percent of the incident flux reaches the ground. Only
50 percent of incident flux may pass during a cloudy day [23].

Atmospheric scattering losses are quantified by the “optical thickness™ parameter
7, which is the integral of the volume scattering coefficient 3 [24]. For a vertical slant
path at altitude z, 7 is

o0
T\, 2) = / BN, )2 (2.12)

12



For a Rayleigh atmosphere, the volume scattering coefficient is a function of the

molecular number density N, the refraction index of air m, and the wavelength A.

1.3 7 2
s B (m 1) (2.13)

T ONA \m? 2
The optical thickness is highly sensitive to wavelength (o< 1/A*). A large optical
thickness, which arises for a shorter wavelength, implies more flux is lost to scattering.
For the U.S. standard atmosphere, the optical thickness for red light (700 nm) is only
a tenth that for blue light (400 nm) at sea level [25].
Solar radiation is unpolarized. It can become polarized when scattered by the

atmosphere, as discussed below.
2.2.3 Skylight (Atmosphere-Scattered Solar Radiation)

Solar radiation can reach the target via atmospheric scattering. This scattered
radiation is often referred to as skylight. In this section, we discuss the scattering
processes, polarization properties, and meteorological dependence of skylight.

Skylight includes both scattered solar radiation and thermal emission from the
atmosphere. At shorter wavelengths (visible and near IR), the effect of the latter is
small compared to the former except during night time.

The scattering process is illustrated in Figure 2.1. A concise representation of the

scattered spectral volume irradiance is [26]

ANy = Ey(N)71(A)Bsca(A, 0)Tra(A) cos odV’ (2.14)

2

where F(A) is the exoatmospheric spectral solar irradiance, [, Is the scattering
coefficient of a unit volume of the composite atmosphere, and 7(A) is the transmis-

sion coeflicient of the path. The angles, # and o, which define the relation between
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the sun, the scatterer and the target surface, affect the scattering coefficient and the
scattered irradiance as well. If the above parameters are known, the total irradi-
ance from scattered solar radiation can be derived via a volume integral over the
upper hemisphere, but exact solutions are not available. because of the complicated,
time-varyving atmosphere composition. Analytical models such as Ravleigh and Mie
scattering permit one to predict the scattering behavior under certain conditious. The
MODTRAN/LOWTRAN codes, which are simulation packages for light propagation
in the atmosphere, use numerical integrations to estimate the radiance received by
sensors under specified conditions. These programs take gas and aerosol composition

into account and are widely used in remote sensing.

Figure 2. 1. Scattered solar irradiance from a unit volume.
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